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ABSTRACT 


This  program  was  directed  toward  the  systematic  investigation  of 
flame  piloting  mechanisms  in  liquid  rocket  engines  and  their  role  in 
combustion  instability.  The  mechanism  which  gained  the  most  attention 
was  recirculation.  The  program  included  experimental  analysis  of 
rocket  engine  performance  as  affected  by  external  disturbances,  minor 
geometry  changes,  and  propellant  state  changes;  and  theoretical  analysis 
of  mixing  in  chemically  reacting  systems. 

Principal  conclusions  drawn  from  the  results  of  the  program  are: 

a.  Characteristics  of  the  injector  and  of  the  propellants 

are  principal  factors  in  the  chemical  kinetics  and  fluid  dynamics  within 
rocket  engine  combustors. 

b.  For  the  rocket  engine  and  perturbation  technique  used, 
engine  stability  is  unaffected  by  perturbations  of  the  recirculation 
zone.  This  does  not  necessarily  eliminate  the  process  of  recirculation 
as  a  factor  in  engine  stability. 
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I. 


SUMMARY 


This  program  was  directed  toward  the  systematic  investigation  of 
flame  piloting  mechanisms  in  liquid  rocket  engines  and  their  role  in 
combustion  instability.  The  mechanism  which  gained  the  most  attention 
was  recirculation. 

Past  work  described  flame  piloting  mechanisms  only  qualitatively. 
Their  influence  on  engine  stability,  though  apparent,  had  not  been 
examined  systematically.  No  attempt  had  been  made  to  relate  the  work 
done  in  gaseous  engines  with  that  of  liquid  engines.  The  approach  in 
this  program  was  an  attempt  to  isolate  as  many  parameters  as  possible, 
vary  each  in  a  controlled  fashion,  and  establish  their  critical  nature 
in  total  system  performance. 

The  program  plan  included  experimental  analysis  of  rocket  engine 
performance  as  affected  by  external  disturbances,  minor  geometry  changes, 
and  propellant  state  changes;  and  theoretical  analysis  of  the  mixing  in 
chemically  reacting  systems. 

Initial  work  centered  around  the  selection  of  the  basic  engine 
geometry,  the  propellant  combination,  and  the  experimental  and  data 
reduction  techniques  to  be  used.  The  engine  consisted  of  a  small 
constant  diameter,  variable  length  combustion  chamber,  with  centrally 
located  coaxial  injector.  The  coaxial  injector  was  selected  because  of 
its  importance  in  large  engine  design,  and  because  prior  to  this  work, 
no  comparison  had  been  made  of  mixing  within  reacting  and  non-reacting, 
confined  coaxial  streams.  This  initial  geometry  was  to  be  changed  later 
to  a  multiple  coaxial  injector  system  to  determine  the  effect  of  jet 
interaction  as  another  independent  variable. 
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Methane  and  oxygen  were  selected  as  the  initial  propellant 
combination.  This  was  to  change  to  hydrogen  and  oxygen.  Such  a 
procedure  would  permit  the  simple  transition  from  the  gas  state 
combination  through  the  gas-liquid  and  finally  the  liquid  combination. 

These  combinations  were  selected  because  they  appeared  to  be  the  easiest 
to  work  with  in  making  direct  comparisons  of  mixing  and  combustion 
characteristics  within  geometrically  similar  systems  for  which  the 
propellant  state  was  varied.  Both  hydrogen  and  methane  are  of  great 
interest  to  engine  designers.  Additionally  the  substitution  of  hydrogen 
for  methane  would  introduce  another  independent  variable  into  the  kinetics 
of  combustion. 

In  the  actual  experimental  program,  tests  were  conducted  to  determine 
concentration,  temperature,  and  chamber  pressure  variations  as  functions 
of  mixture  ratio,  chamber  length,  injector  configuration,  and  inert  gas 
injection  location  and  rate.  A  concentric  coaxial  injector  scheme 
variously  modified  to  accept  gaseous  methane  and  gaseous  or  liquid  oxygen 
was  used.  High  speed  motion  pictures  were  taken  of  the  flow  dynamics  as 
caused  by  changes  of  independent  variables.  Spectrographic  analyses  of 
gas  samples  withdrawn  from  various  positions  along  the  length  and 
circumference  of  the  engine  served  to  define  time  averaged  concentration 
gradients  of  the  propellants  in  the  non-reacting  case  and  of  the  stable 
products  of  combustion  for  the  reacting  case.  Inert  gas  injection 
provided  the  "external  disturbance"  parameter.  Temperature  measurements 
were  attempted  either  by  use  of  the  pneumatic  probe  or  the  thermocouple 
probe. 

Miscellaneous  tests  consisted  of  cold  flow  free  and  confined  concentric 
coaxial  jet  operation  with  water,  liquid  nitrogen,  liquid  oxygen  initially 
saturated  or  subcooled,  with  and  without  gas  injection;  ignition  studies 
to  establish  transient  conditions  resulting  from  cryogenic  fluid  state, 
and  particle  and  droplet  tracking  experiments  to  obtain  velocity  profiles 
near  the  injector  face. 
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During  the  initial  phase  of  the  program,  a  conceptual  model 
consisting  o£  well-stirred  and  plug  flow  reactors  was  proposed  to 
demonstrate  the  kinetic  and  flow  processes  occurring  within  the  system. 
The  proposed  model  attempted  to  account  for  both  the  chemically  and  the 
mixing-limited  cases.  The  actual  processes  were  too  complex  for  valid 
application  of  this  concept.  Experimental  data  showed  the  burning  rate 
of  a  confined  coaxial  jet  to  be  controlled  by  diffusion  of  the  reactive 
species  into  a  time  averaged  flame  front.  Therefore,  consideration  was 
given  to  a  diffusion  model.  Satisfactory  solution  was  not  readily 
apparent  since  velocity  profiles,  needed  for  momentum  transfer  functions, 
were  missing. 

The  results  of  this  program  indicated  that: 

a.  Characteristics  of  the  injector  and  of  the  propellants  are 
principal  factors  in  the  chemical  kinetics  and  fluid  dynamics  within 
rocket  engine  combustors. 

b.  For  the  rocket  engine  and  perturbation  technique  used,  the 
engine  stability  was  unaffected  by  perturbations  of  the  recirculation 
zone.  This,  by  no  means,  eliminates  the  process  of  recirculation  as  a 
factor  in  engine  stability, 

c.  The  energy  release  distribution  in  the  gas-liquid  fed  chamber, 
though  grossly  similar  to  that  for  the  gas  fed  rocket  is  quite  dissimilar 
in  detail. 

d.  At  the  same  mixture  ratio,  the  stability  of  a  gas  fed  rocket 
is  greater  than  that  of  a  similar  geometry  and  mass  flow  rate  liquid- 
gas  fed  rocket. 

e.  Cold  flow  tests  using  water  at  ambient  temperatures  were  not 
indicative  of  flow,  drop  breakup,  and  size  distribution  patterns  existing 
for  cryogenic  fluids  under  similar  flow  conditions. 

f.  Greater  attention  should  be  paid  to  the  profound  effects  of  the 
thermodynamic  fluid  state  at  injection  on  engine  stability. 

g.  Interrelations  between  fluid  injection  temperature  and  injection 
momentum  ratio  are  uncertain. 
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Kc*  .*•*-* uj.il tvns  for  future  ttudv  include : 

t.  A  NtiiUv  of  '•liUtflr  (Visit  1  i  ntector  systems  under  conditions 
exact  1;.  similar  t<>  ot  this  studv  to  establish  the  effect  of  let 

inters  t  ion. 

2.  A  study  o»  rocket  stability  3k  affected  by  controlled  periodic 
phase  changes  of  the  crvogenlc  fluid  during  any  given  test  run.  Super¬ 
critical  fluid  properties  should  be  investigated  in  relation  to  engine 
performance , 

i.  A  studv  of  the  effect  of  engine  geometry  variation  on  recircula¬ 
tion  zone  size  and  sensitivity.  Changing  length  to  diameter  ratios 
and  engine  diameter  to  injector  diameter  should  be  investigated.  Then  a 
similar  study  with  multiple  injectors  should  be  undertaken.  Additionally, 
electrical  analog  techniques  should  be  employed  for  examination  of  feed 
back  mechanisms  and  their  role  in  oscillatory  systems. 

.  A.  A  continuation  of  studies  as  outlined  to  provide  for  a  truly 

systematic  investigation  of  the  flame  piloting  mechanisms  and  their  role 
|  in  engine  stability. 

\ 

The  program  has  produced  some  interesting  and  informative  results 
relating  chemical  kinetic  and  mixing  processes  in  a  reacting  rocket 
system.  Some  of  its  phases  should  be  continued  to  assist  in  integrating 
the  work  of  the  small  engine  research  with  the  needs  of  working  engine 
designers. 
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II.  INTRODUCTION 


The  occurrence  of  uncontrolled  high  frequency  combustion 
oscillations  is  of  major  concern  in  the  development  of  large  high- 
thrust  liquid  propellant  rocket  engines.  In  order  to  arrive  at 
rational  engineering  principles  for  achieving  dependably  stable 
engine  designs,  it  is  first  necessary  to  know  the  mechanisms  by  which 
harmful  oscillations  are  excited  and  sustained,  and  then  to  apply 
this  understanding  to  the  development  of  methods  of  control. 

Although  a  tremendous  wealth  of  empirical  information^  exists 
concerning  injector  design,  few  correlations  exist  between  mixing 
processes  and  instability  parameters.  Theories  have  been  developed 
relating  the  appearance  of  instability  to  droplet  evaporation  rates. 
Available  experimental  data  describe  only  qualitatively  the  influence 
of  mixing  (interpreted  here  as  various  combinations  of  the  processes 
of  molecular  and  eddy  diffusion,  recirculation,  atomization-  and 
vaporization)  on  engine  performance.  However,  one  cannot  question 
that  the  time  and  spatial  rates  of  mixing  within  an  engine,  to  a 
great  extent,  determine  the  validity  and  importance  of  any  instability 
mod?!  whether  describing  a  small  experimental  rocket  or  a  large 
thrust  .engine  using  high  density  injectors.  We  believe  that  funda¬ 
mental  data  regarding  phenomena  occurring  near  the  injector  face,  such 
as  recirculation,  gross  mixing,  atomization  and  evaporation,  are 
necessary  before  rational  design  parameters  can  be  established. 

Past  work  has  demonstrated,  in  many  cases,  that  combustion 
instabilities  are  related  to  some  resonant  acoustic  mode  of  the 
chamber.  However,  the  mere  knowledge  that  the  oscillations  occur  in 
the  acoustic  modes  leaves  open  the  question  of  the  mechanism  by  which 
the  oscillations  are  driven.  Concerning  this  mechanism  it  is  under- 
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stood  in  a  general  way  that  a  time  lag  exists  between  the  injection 

of  a  liquid  propellant  element  into  the  chamber  and  the  combustion 

of  this  element.  This  time  lag  is  composed  of  the  time  required 

for  the  physical  processes  of  atomization,  mixing  and  evaporation, 

and  chemical  reaction.  If  any  phase  of  this  lag  is  sensitive  to 

pressure  waves,  it  is  understandable  that  feedback  may  occur  between 

heat  release  rate  and  pressure  fluctuations  with  the  result  that 

2 

oscillations  are  sustained  and  augmented. “ 

It  has  been  suggested  that  the  responsiveness  of  time  lag  to 

pressure  results  from  the  pressure  dependency  of  the  chemical  reaction 

3 

rate.  However,  it  can  be  shown  that  rocket  propellants  in  the  vapor 
state  at  rocket  chamber  pressures  have  characteristic  reaction  times 
in  the  order  of  only  10  ^  seconds,  whereas,  characteristic  times 

_3 

for  pressure  pulses  in  rocket  combustion  are  in  the  order  of  10 

4 

seconds.  Recent  work  indicates  that  the  mechanism  responsible  for 
combustion  processes;  and.  that  the  rates  of  chemical  reactions  in  the 
homogeneous  gas  phase  are  high  enough  to  enable  the  chemical  system 
to  respond  without  phase  lag  to  periodic  variations  of  the  conditions 
in  the  chamber.  Another  investigation^  relates  inherent  stability  to 
the  amount  of  "pressure  sensitive  energy"  available  for  a  given 
perturbation  and  the  phase  relationship  between  the  replenishment 

6 

requirement  and  the  time  period  of  perturbation.  A  summary  report 

of  experimental  investigation  of  combustion  oscillations  in  gaseous 

propellant  rocket  motors  concludes  that  in  unpremixed  systems  the 

degree  of  mixing  has  so  predominant  an  influence  on  the  appearance 

of  oscillations  that  the  effects  of  both  the  system  geometry  and 

7 

propellant  reactivity  are  overshadowed.  Another  investigator  contends 

that  the  initiating  mechanism  for  all  forms  of  high  frequency  can  be 

traced  to  the  "massive  mechanical  vibration"  of  the  injector  system 

as  driven  by  the  intense  sound  field  surrounding  the  engine.  In 
8 

another  program  ,  a  model  for  evaluating  the  driving  and  damping 
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forces  for  combustion  oscillations  has  been  developed  in  terms  of 
the  motions  of  liquid  droplets  with  respect  to  a  relatively  weak 
wave  resulting  from  some  initial  disturbance. 

These  programs  demonstrate  the  importance  of  definitive 
knowledge  of  the  occurrences  near  the  injector  face  of  a  rocket 
combustor. 

Recirculation  is  a  phenomenon  characteristic  of  a'1!  combustion 
systems  in  which  either  the  oxidant  and  fuel  are  injected  through 
orifices  at  the  closed  end  of  a  tube,  or  a  flame  holding  baffle  is 
present  in  a  flowing  stream,  Its  critical  role  in  airbreathing 
combustors  has  been  demonstrated  adequately.  However  its  contribution 
to  the  flame  piloting  mechanism  in  a  rocket  combustor  is  little 
understood.  Whether  on  a  micro-  or  macro-scale,  recirculation  may 
critically  contribute  to  all  other  processes  near  the  injector  face. 

The  intent  of  our  program  has  been  to  provide  analytical  and 
experimental  information  concerning  the  flame-piloting  mechanism 
in  rocket  combustors  and  the  effect  of  external  disturbances  on  its 
characteristics.  In  particular,  we  have  examined  the  recirculation 
zone  in  a  coaxially  fed  rocket  system  using  inert  injection  techniques. 
The  primary  measurements  have  included  those  of  local  composition  and 
temperature,  and  rocket  chamber  pressure  variation  with  time,  These 
variables  have  been  studied  as  functions  of:  oxygen  to  fuel  ratio; 
chamber  length,  injection  configuration;  inert  gas  injection  rate; 
and  position  of  inert  gas  injection  relative  to  the  injector  face. 
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III.  DESCRIPTION  OF  EXPERIMENTAL  EQUIPMENT 


Experimental  work  has  been  conducted  using  a  100-lb  rocket 
thrust  chamber  fed  with  gaseous  and  liquid  propellants  through  axi- 
syrametrical  unit  injectors.  Inert  gas  was  injected  through  a 
peripheral  ring,  and  tests  were  conducted  with  the  ring  placed  at 
different  positions  along  the  chamber  axis.  The  chamber  has  been 
equipped  with  probe  ports  in  order  to  determine  local  composition  at 
radial  positions  along  the  longitudinal  axis.  An  exploded  view  of  the 
motor  is  shown  in  Figure  1.  Note  that  the  motor  is  made  in  sections 
to  vary  its  length  from  4-  to  16-inches,  each  section  being  water- 
cooled  and  provided  with  the  necessary  penetrations  for  probing.  In 
addition,  a  pressure  transducer,  a  sampling  probe,  the  sintered  metal 
ring,  and  one  injector  are  shown  in  the  foreground.  Cross-sectional 
views  of  four  axi-symmetrical  unit  injectors  used  in  the  experimental 
work  are  shown  in  Figures  2  and  3.  The  first  injector  consists  of 
coaxial  streams  of  oxidant  and  fuel.  The  second  injector  consists  of 
an  annular  stream  of  oxidant  impinging  at  a  30°  angle  on  the  central 
stream  of  fuel.  The  third  injector  essentially  subdivides  the  fuel 
stream  into  seven  smaller  ones,  all  located  symmetrically  within  the 
oxidant  stream.  The  fourth  injector  was  designed  for  liquid-gas 
injection.  A  critical  flow  orifice  and  a  cavltating  venturi  are 
incorporated  in  the  injector  to  provide  flow  rate  control  upstream 
of  the  injection  point.  The  injector  also  is  fitted  with  two 
parallel  .040  inch  diameter  probes  to  determine  temperatures  or  to 
remove  gas  samples  in  the  injection  region.  Mass  flow  rates  of 
gaseous  propellants  were  determined  from  knowledge  of  the  injector 
upstream  pressure,  using  calibration  curves  obtained  with  standard 
ASME  square-edged  orifices. 
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The  primary  instrumentation  consisted  of  (Dynisco  PT-25)  pressure 
transducers  for  transient  pressure  measurements:  a  (Consolidated 
Electrodynamics  Corporation  Model  5-124)  recording  oscillograph  for 
receiving  electrical  signals  from  the  transducers  and  thermocouples; 
a  (Fastax)  high-speed  motion  picture  camera;  an  (Amperex)  tape  recorder 
and  (General  Radio)  sound  analyzer;  a  water  cooled  sampling  probe;  and 
(Consolidated  Electrodynamics  Corporation  Model  610)  mass  spectrometer 
for  analyzing  the  samples  withdrawn  from  the  motor. 


IV.  EXPERIMENTAL  PROGRAM 


A.  Program  Description 

The  experimental  program  consisted  of  firing  rocket  chambers 
with  or  without  inert  gas  injection,  collecting  and  spectrographically 
analyzing  samples  taken  at  positions  along  the  combustor  length  and 
radius,  and  measuring  temperatures  by  means  of  thermocouple  probes  in 
the  injection  region.  In  addition,  cold  and  hot  flow  tests  using  a 
transparent  cylindrical  motor  have  been  made  to  provide  a  better 
visualization  of  flow  patterns  during  combustion.  High  speed  camera 
records  were  made  of  ignition  and  steady  operation  in  normal  firings. 

Initial  studies  were  conducted  using  gaseous  methane  and  oxygen 
as  propellants.  Later  in  the  program,  two  liquid-gas  propellant 
combinations  were  used:  liquid  oxygen  and  gaseous  methane,  and  liquid 
propane  and  gaseous  oxygen. 
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B.  Gaseous  Propellants 


1.  Composition  Measurements 


Experiments  with  gaseous  methane  and  oxygen  were  conducted 
in  a  straight  cylindrical  combustion  chamber  of  13-inches  length. 

The  chamber  pressure  and  local  concentrations  were  examined  as 
functions  of  injection  configuration  and  gaseous  helium  injection  rate. 
Also  the  effects  of  fuel-oxidant  combinations  and  the  motor  geometry 
on  the  motor  stability  and  the  character  of  the  recirculation  zone 
were  examined.  The  longitudinal  and  radial  concentration  profiles  and 
mixture  ratio  gradients  for  a  stably  operating  rocket,  as  affected  by 
the  injector  configuration,  gaseous  helium  dilution,  and  motor  length, 
are  shown  in  Figures  4  through  17. 

The  variation  of  mixture  ratio  within  the  13-inch  length 
combustion  chamber  is  illustrated  in  Figure  4  for  which  the  radial 
position  is  used  as  a  parameter.  At  the  center  line  the  oxidant-fuel 
ratio  is  essentially  zero  (fuel  rich)  with  little  variation  from  the 
injector  face  to  a  position  about  one-half  the  distance  to  the  exhaust 
nozzle,  at  which  point  the  ratio  begins  finally  to  approach  the  metered 
value  at  the  exit  plane.  At  the  chamber  wall  and  near  the  injector 
face,  the  value  is  high  (oxygen  rich)  and  rapidly  decreases  as  the 
exit  plane  is  approached.  However  a  considerable  gradient  at  the 
exit  plane  is  apparent.  Along  lines  parallel  to  the  axis  at  radial 
positions  between  the  center  line  and  the  wall,  the  curve  shapes  can 
be  reasonably  estimated  from  examination  of  the  gradients  along  the 
center  line  and  the  wall. 

Figures  5  through  7  illustrate  the  longitudinal  concentration 
gradients  for  the  various  combustion-gas  constituents.  Again  the 
radial  position  is  used  as  a  parameter.  The  oxygen  concentration 
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gradient,  shown  in  Figure  5,  is  maximum  at  the  wall  and  minimum 
at  the  center  line.  The  fuel  concentration  is  maximum  at  the  center 
line  and  decreases  to  a  minimum  at  the  wall.  Figure  6  shows  water 
vapor  at  a  minimum  at  the  wall  and  gradually  increased  to  a  maximum 
near  the  radial  position  of  0.25-inches  from  the  center  line  and  then 
decreased  from  there  to  the  center  line.  Longitudinal  concentration 
gradients  of  all  constituents  at  the  0.25-inch  radius  are  shown  in 
Figure  7. 

From  these  plots  a  general  scheme  of  events  can  be  visualized. 
The  rapid  rate  of  disappearance  of  the  methane  and  the  oxygen  and  the 
rapid  rate  of  appearance  of  water  vapor  in  a  region  bounded  by  axially 
parallel  lines  through  the  0.25-inch  and  the  0.50-inch  radial  loci 
and  transverse  planes  at  longitudinal  positions  of  3-  and  5-inches 
indicates  this  to  be  a  region  of  maximum  reaction.  The  presence  of 
large  amounts  of  hydrogen  and  carbon  monoxide  along  the  center  line 
indicates  a  region  in  which  only  partial  oxidation  occurs  because  of 
the  extreme  lack  of  oxygen.  The  presence  of  large  amounts  of  oxygen 
and  small  amounts  of  carbon  dioxide  along  the  wall  indicates  a  region 
of  complete  oxidation.  That  mixing  is  poor  is  a  generally  valid 
conclusion. 

2.  Helium  Injection 

Helium  was  injected  into  the  motor  for  two  purposes:  first, 
to  qualitatively  determine  the  recirculation  zone  length  and  second, 
to  drive  the  motor  into  instability.  By  injecting  helium  peripherally 
at  positions  3-,  4-,  7-  and  10-inches  from  the  injector  face, 
recirculation  was  demonstrated  to  exist  to  positions  4-inches  down¬ 
stream  of  the  injector  face.  (These  measurements  were  substantiated 
with  high  speed  camera  records.)  Instability  was  not  triggered  by 
dilution  of  the  recirculation  zone  with  helium  even  though  helium 
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accounted  for  35  to  40  percent  by  volume  of  the  total  gases. 

However,  Figure  11  does  illustrate  the  vitiating  effect  of  helium 
addition.  The  relative  amounts  of  water  vapor  and  carbon  dioxide  are 
reduced  while  the  relative  amounts  of  hydrogen  and  carbon  monoxide  are 
increased  with  the  addition  of  helium. 

3.  Comparison  of  Mixing  in  Reacting  and  Non-Reacting  Streams 

Comparative  data  between  the  reacting  and  non-reacting  gaseous 
flow  systems  are  shown  in  Figures  12  and  13.  The  cold  flow  data 
indicate  a  fairly  constant  concentration  of  reactants  across  the 
combustor  at  positions  of  5.5-inches,  8.5-inches,  and  11.5-inches 
from  the  injector  face.  The  data  at  positions  1  1/4-inches,  3  1/2- 
inches  and  4  1/4-inches  depict  the  rapid  mixing  occurring  between  the 
methane  and  oxygen.  For  the  reacting  systems  under  the  same  inlet 
conditions,  considerable  amounts  of  oxygen  exist  in  the  region  next  to 
the  wall  and  large  concentrations  of  hydrogen,  carbon  monoxide,  and 
methane  appear  in  regions  near  the  center  line  forcing  the  conclusion 
that  mixing  is  rather  incomplete. 

4,  Recirculation  Zone  Blocking 

If  recirculation  is  an  important  parameter  its  elimination 
should  grossly  affect  the  combustion  process.  Therefore,  within  the 
gaseous  rocket,  effort  was  made  to  eliminate  the  recirculation  zone 
by  insertion  of  a  solid  material  in  its  place.  Each  of  two  hollow 
plastic  cylinders,  one  with  a  15-degree  half-angle  diverging  conical 
passage  and  the  other  with  a  10-degree  half-angle  diverging  conical 
passage,  were  placed  extending  from  the  injector  face  of  the  trans¬ 
parent  motor.  In  each  instance  recirculation  continued  to  be  evident 
and  ignition  and  steady  operation  were  obtained.  In  the  first  case, 
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recirculation  was  very  strong.  In  the  second  case,  the  amount  of 
recirculation  was  considerably  reduced  with  no  appreciable  detrimental 
effects.  Under  these  conditions  no  helium  injection  was  attempted* 

5.  Nitrogen  Dilution 

Tests  were  attempted  using  air  and  oxygen  enriched 
air  as  the  oxidant  and  gaseous  methane  as  the  fuel.  For  the  case  in 
which  air  was  used,  ignition  was  unsuccessful  at  various  flow  rates, 
oxygen  to  fuel  ratios,  and  ignition  source  locations.  When  oxygen 
enriched  air  (50/50)  was  used,  ignition  was  achieved  and  the  motor 
performance  good.  In  only  one  instance  of  four  runs  was  instability 
evidenced. 

C.  Liquid-Gas  Propellant  Combinations 

1.  Gaseous  Methane  -  Liquid  Oxygen  Rocket  Operation 

a.  Composition  Measurements 

The  gaseous  methane-liquid  oxygen  combination  was  operated  at 
two  different  mixture  ratios.  The  first  series  of  tests  were  conducted 
with  a  fuel-lean  mixture  ratio  and  samples  obtained  were  spectroscopic¬ 
ally  analyzed  for  constituency.  The  spectroscopic  analyses  of  gas 
samples  withdrawn  at  positions  of  11.5  inches,  8.5,  5.5,  3.25,  2.25 
and  1.25  inches  downstream  of  the  injector  face  are  summarized  in 
Figures  14,  15,  and  16.  These  samples  were  taken  at  an  over-all 
oxygen  to  fuel  ratio  of  approximately  4.0.  A  comparison  of  the  mixture 
ratio  gradient  for  the  gas-liquid  fed  system  at  two  different  over-all 
mixture  ratios  vs.  the  gas-gas  fed  system  is  shown  in  Figure  14.  Three 
sets  of  data  show  the  mixture  ratio  gradient  for:  (a)  the  gas  fed 
system  operating  at  an  over-all  ratio  of  3.0;  (b)  the  gas-liquid  fed 
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system  at  a  ratio  of  5.0;  and  (c)  the  gas-liquid  fed  system  at  a  ratio 
of  about  4.0.  The  first  two  sets  of  data  were  obtained  by  using 
injector  111  which  was  designed  for  the  gas  fed  rocket.  The  third  set 
of  data  was  obtained  using  an  injector  of  the  same  type  designed  to 
give  a  mixture  ratio  of  3.0  with  liquid  oxygen  and  gaseous  fuel.  The 
similarity  between  the  results  for  the  gas  fed  rocket  at  a  mixture 
ratio  of  3.0  and  the  results  for  the  liquid-gas  fed  rocket  at 
approximately  the  same  ratio  is  remarkable.  The  comparison  is  much 
more  favorable  than  that  of  the  two  gas-liquid  sets  of  data.  These 
results  might  be  attributed  either  to  the  difference  in  over-all 
mixture  ratio,  or  to  the  striated  flow  as  caused  by  the  very  large 
droplets  issuing  from  the  wide  annulus  of  the  gas-gas  injector.  One 
can  conclude  from  this  figure  that  the  mixture  ratio  patterns  are 
profoundly  influenced  by  the  physical  state  of  the  reactants  at  the 
time  of  injection.  This  statement  will  be  discussed  in  more  detail 
later  in  this  section. 

Figure  15  indicates  the  longitudinal  oxygen  concentration 
profile  as  a  function  of  radial  position  in  the  chamber.  The  results 
are  not  totally  unlike  that  for  the  gaseous  system  however  there  are 
some  additional  features  which  point  rather  dramatically  to  the  more 
messy  mixing  which  takes  place  within  the  gas  liquid  fed  rocket. 

While  the  axial  oxygen  concentration  near  the  center  line  remains 
fairly  constant,  it  changes  drastically  as  the  wall  is  approached. 

At  positions  close  to  the  injector  face,  an  eight-fold  increase  in 
the  oxygen  concentration  occurs.  A  gradual  decrease  in  the  oxygen 
concentration  occurs  as  the  exit  plane  is  approached  because  of 
radial  diffusion  and  reaction  with  methane.  Interestingly,  however, 
within  a  region  from  about  2.5  inches  to  6  inches  we  note  a  large  dip 
in  the  oxygen  concentration.  Whether  this  is  real  or  not  could  only 
be  determined  with  further  measurements.  However  examination  of  the 
high  speed  pictures  of  flow  indicate  this  to  be  a  region  of  very 
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turbulent  mixing.  It  is  within  this  region  that  the  jets  first 
strike  the  wall  and  recirculatory  as  well  as  forward  flow  occurs. 

As  a  consequence  of  this  gross  mixing  a  significant  Increase  in  the 
spatial  reaction  rate  occurs.  Further  downstream  we  see  either  a 
decrease  in  the  apparent  reaction  rate  or  a  mixing  of  more  oxygen  into 
the  system  as  a  result  perhaps  of  evaporation  from  the  wall  plus  the 
inherent  jet  spread.  If  we  can  use  the  rate  of  disappearance  of  the 
oxygen  as  a  measure  of  the  reaction  rate,  we  can  intuitively  establish 
mixing  as  the  rate  limiting  force. 

The  longitudinal  mixture  ratio  gradient  as  a  function  of  the 
radial  position  is  shown  in  Figure  16.  We  note  that  along  the  center 
line  the  mixture  ratio  gradually  increases  with  distance  from  the 
injector  face.  This  is  due  to  the  gross  and  diffusional  mixing  of  the 
oxygen  with  the  fuel.  As  the  wall  is  approached  from  the  center  line 
the  mixture  ratio  patterns  are  less  clear.  In  the  region  between 
longitudinal  positions  of  2.25  and  5.5  inches  major  changes  in  mixture 
ratio  take  place  and  from  5.5  inches  on  out  to  11.5  inches  all  data 
converge  gradually  to  the  over-all  mixture  ratio. 

Figure  17  is  a  plot  of  the  radial  mixture  ratio  gradient  as  a 
function  of  longitudinal  position.  The  data  show  very  definite  trends 
with  regard  to  the  fluid  dynamics  of  the  system.  At  a  longitudinal 
position  of  1.25  inches,  the  mixture  ratio  gradually  increases  from 
the  center  line  to  the  wall  with  an  increasing  rate  of  change  beyond 
the  0.5  inch  radius.  At  the  5.5  inch  longitudinal  position  there  is 
a  hump  in  the  curve  at  the  0.5  inch  radial  position  and  then  at 
8.5  inches  this  hump  is  moved  out  to  a  radial  position  within  0.10 
inch  of  the  wall.  At  the  11.5  inch  longitudinal  position  the  radial 
mixture  ratio  gradients  are  approaching  a  mean  value.  Some  comments 
concerning  the  system  stability  during  the  sampling  runs  will  be  made 
later  in  this  report. 
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b.  Saturated  and  Subcooled  Cryogenic  Liquid  Injection  Studies 

Photographic  studies  of  the  coaxial  jet  fed  centrally  with 
gaseous  fuel  and  annularly  with  liquid  oxidant  demonstrated  several 
important  features.  For  a  case  in  which  gaseous  nitrogen  was 
substituted  for  the  methane  and  water  for  the  liquid  oxygen, 
considerable  difference  was  noted  between  the  flow  patterns  with  and 
without  the  gaseous  nitrogen  injection.  When  the  jets  were  confined 
in  a  transparent  tube  the  recirculation  for  the  water  and  gaseous 
nitrogen  systems  was  very  similar  to  that  of  both  the  reacting  and 
non-reacting  gaseous  fueled  rocket.  The  recirculation  zone  extended 
for  a  distance  of  from  3  to  5  inches  downstream  of  the  injector  face, 
followed  by  a  well-developed  flow  region  to  the  exit  nozzle.  For  the 
case  in  which  liquid  nitrogen  was  then  substituted  for  the  water,  two 
flow  regimes  were  present.  Next  to  the  wall,  the  recirculation  zone 
appeared  to  extend  much  further  downstream  into  a  region  8  or  9  inches 
from  the  injector  face  while  a  fully  developed  flow  was  apparent  in 
the  central  core. 

Attempts  to  obtain  comparative  hot  flow  pictures  were 
unsuccessful  because  the  strong  pressure  surges  upon  ignition 
destroyed  the  transparent  motor.  Films  were  taken  of  the  cold  flow 
operation  of  the  system  from  the  moment  that  the  oxidant  and  fuel 
valves  opened  to  the  steady-state  operating  condition  using  either 
saturated  or  subcooled  liquid  oxygen.  The  upstream  pressure  was 
300  psi  gage,  and  the  jet  was  issuing  into  atomospheric  pressure. 
Initially  the  jet  was  gaseous  and  then  fluctuated  between  this  and  a 
liquid  state  for  about  0.6  -  0.75  seconds  before  settling  into  a 
fairly  steady  stream  of  liquid  droplets  and  vapor  extending  for  12- 
1A  inches  downstream  of  the  injector  face.  Slight  fluctuations  were 
evident  but  the  stream  was  quite  stable. 
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Several  separate  conditions  of  flow  were  examined  for  the 
oxygen  jet  whether  saturated  or  subcooled.  Those  are  the  free  jet, 
with  and  without  central  gas  injection,  the  confined  jet,  with  and 
without  central  gas  injection,  and  the  confined  jet,  with  central  gas 
injection  and  combustion.  The  free  or  confined  jet,  whether  saturated 
or  subcooled,  goes  through  flow  fluctuations  the  duration  of  which 
ranges  from  0.6  seconds  to  0.75  seconds.  These  fluctuations  are 
changes  in  the  oxygen  phase  from  gas  to  liquid  and  vice  versa. 

The  total  duration  af  the  fluctuations  for  the  confined  jet 
appear  to  be  reduced  by  the  central  injection  of  gas.  The  stabilizing 
effect  of  central  gas  injection  may  be  attributed  either  to  the  increase 
in  ambient  pressure  within  the  chamber  to  about  2  atmospheres  or  to  the 
additional  heat  flux  to  the  oxygen  stream  from  the  central  gas  stream, 

Tf  the  first  premise  were  true  the  oxygen  would  arrive  at  the  injector 
face  as  a  subcooled  liquid  and  then  flash  within  Che  chamber.  If  the 
second  premise  were  true  the  oxygen  would  remain  in  a  gaseous  state 
within  the  feed  system  for  a  longer  period  of  time  and  the  chilldown 
process  would  be  more  uniform  with  time  such  that  when  liquid  oxygen 
finally  did  appear  it  would  be  on  a  continuous  basis. 

At  this  point  it  would  be  helpful  to  describe  the  above  process 
on  a  pressure-enthalpy  diagram  and  relate  this  description  to  the  actual 
physical  process.  The  oxygen  is  transferred  into  a  saturated  state 
from  a  storage  dewar  to  the  facility  dewar  at  atmospheric  pressure  and 
remains  in  this  facility  dewar  at  either  a  saturated  or  subcooled 
condition  depending  upon  whether  the  dewar  is  vacuum  or  liquid- 
nitrogen  jacketed.  Therefore  initial  point  on  the  pressure  enthalpy 
diagram  may  lie  either  on  the  saturation  line  or  in  the  subcooled 
region  at  1  atmosphere.  Upon  pressurization  with  gaseous  helium  the 
oxygen  is  compressed  isothermally  to  about  20  atmospheres.  This  process 
actually  subcools  the  oxygen  further.  Upon  transfer  of  a  slug  of 
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oxygen  from  the  facility  dewar  to  the  combustion  chamber  the  liquid 
oxygen  must  flow  through  a  vacuum  jacketed  transfer  line  into  the 
uncooled  injector  and  then  sustain  a  large  pressure  drop  on  the  order 
of  10  -  20  atmospheres  into  the  combustion  chamber.  During  this 
process  the  enthalpy  is  increased  slightly  by  heat  picked  up  in  the 
transfer  lines  however  it  may  be  considered  a  constant  enthalpy  process 
for  that  portion  to  expansion  through  the  injector  and  isentropic  during 
the  expansion  through  the  injector.  Once  the  liquid  reaches  the  exit 
port  of  the  injector  it  then  sustains  a  large  pressure  drop  and, 
removing  heat  from  the  surrounding  gases,  flashes  into  a  two-phase 
mixture  of  vapor  and  droplets  within  the  chamber  at  ambient  chamber 
pressure.  More  than  likely,  if  the  liquid  is  initially  saturated,  the 
flow  through  the  transfer  line  and  the  injector  will  cause  the  thermo¬ 
dynamic  state  of  the  oxygen  to  terminate  in  the  wet  region  under  the 
saturated  liquid  line.  For  an  initially  subcooled  liquid  oxygen  the 
saturated  liquid  line  will  not  be  reached  until  the  oxygen  sustains 
a  large  pressure  drop  in  passing  from  the  injector  exit  port  into  the 
combustion  chamber.  Under  conditions  of  hot  flow  the  combustion  chamber 
would  be  operating  at  pressures  of  about  7  atmospheres  and  the  oxygen 
would  as  a  consequence  leave  the  injector  as  a  subcooled  liquid  and 
flash  within  the  combustion  chamber.  It  is  reasonable  then  to  expect 
that,  under  hot  flow  conditions,  a  steady  injection  rate  with  no 
pulsations  would  be  obtained.  High  speed  color  films  taken  of  the 
combustion  process  do  not  support  this  conclusion.  They  indicate  that 
the  flame  fluctuates  for  a  period  of  about  0.75 'seconds  before  it 
settles  down  to  a  steady  state  process.  The  half  period  of  the  pulsa¬ 
tion  in  one  film  was  between  .13  and  .15  seconds  and  ranged  from  almost 
complete  extinguishment  to  a  flame-filled  tube.  Under  the  conditions 
of  almost  complete  extinguishment  an  eddy  of  blue  flame  was  always 
present  next  to  the  injector  face.  These  results  indicate  that  oxygen 
in  the  form  of  a  gas  is  present  in  the  transfer  line  prior  to  the 
opening  of  the  control  valve. 
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In  all  of  the  runs  for  which  saturated  oxygen  was  used,  the 
combustion  process  did  settle  out  into  a  quasi  stable  condition. 

When  the  transfer  lines  were  cooled  with  liquid  nitrogen  such  that  the 
oxygen  would  arrive  at  the  injector  face  in  a  subcooled  condition, 
ignition  itself  was  much  more  difficult  and  was  generally  accomplished 
explosively.  Attempts  to  take  high  speed  pictures  of  this  process 
were  unsuccessful  because  the  high  peak  pressures  upon  ignition 
destroyed  the  transparent  combustion  chamber. 

c.  Reversed  Injection  Configuration 

An  injector  was  built  for  the  same  total  mass  flow  rate  and 
mixture  ratio  range  as  the  one  previously  used  except  that  the  fuel 
was  fed  in  the  annulus  and  the  oxidant  centrally.  Several  features 
were  noticeable.  Cold  flow  pictures  of  the  initially  saturated  oxygen 
flow  showed  the  development  of  condensation  shock  diamonds  as  the 
oxygen  flow  was  initiated.  The  fluid  went  through  the  same  pulsations 
as  previously,  however,  the  jet  spread  was  considerably  less  than  that 
for  the  reversed  case.  The  hot  flow  performance  was  much  rougher, 
ignition  was  more  difficult,  and  in  order  to  have  smooth  ignition  the 
over-all  mixture  ratio  had  to  be  much  leaner  than  that  for  the  centrally 
fed  fuel  system. 

d.  Stability  Studies 

Systematic  stability  studies  for  the  liquid  oxygen  gaseous 
methane  rocket  were  not  possible  because  of  the  'ignition  difficulties 
encountered.  The  flow  pulsations  during  the  initial  0.75  second  have 
a  profound  influence  on  the  stability  of  the  reacting  system.  Examina¬ 
tion  of  pressure  traces  taken  during  tests  show  the  initiation  of 
combustion  instability  within  the  rocket  during  the  time  of  these 
violent  fluctuations.  The  cause  of  this  instability  was  not  apparent, 
however,  it  continued  for  a  matter  of  about  0,60  second  beyond  the 
starting  transients  before  being  damped  out.  These  are  the  first 
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indications  in  the  entire  program  of  what  might  be  called  true 
instability. 

The  attempts  to  drive  the  liquid  rocket  to  instability  by 
helium  injection  tangentially,  peripherally  and  radially  were  un¬ 
successful  in  the  rocket  fed  at  an  over-all  mixture  ratio  of  about  5 
to  1.  However,  during  later  tests  with  a  mixture  ratio  in  the  order 
of  about  4  to  1,  these  instabilities  were  present  during  the  period 
of  radial  helium  injection  at  a  longitudinal  position  1.25  inches. 

In  some  runs  injection  of  helium  after  the  initial  instabilities 
were  positively  damped  out  caused  the  reappearance  of  instability. 
Termination  of  this  instability  seemed  to  be  independent  of  the  inert 
gas  injection  cut-off  time.  During  the  sampling  runs  when  the  probe, 
located  1.25  inches  downstream  of  the  injector  face,  was  inserted  into 
the  chamber  a  distance  of  about  0.25  -  0.50  inch,  pressure  surges 
occurred  within  the  chamber  upon  ignition  which  destroyed  the  pressure 
transducers  either  by  overpressure  or  burnout.  Whether  a  direct 
relationship  existed  between  the  injection  of  helium  and  the  occurrence 
of  instability,  or  whether  it  existed  because  of  the  location  of  the 
probe,  was  not  determined. 

A  comparison  of  the  pressure  variations  under  stable 
operating  conditions  within  the  rocket  using  gaseous-gaseous  and 
liquid-gaseous  propellant  combinations  is  shown  in  Figure  18. 

Obviously  the  operation  with  liquid  oxygen  causes  much  more  noise  in 
the  system. 
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2.  Liquid  Propane  -  Gaseous  Oxygen  Rocket  Operation 


a.  Combustion  Chamber  Performance 

Injector  //4,  shown  in  Figure  3,  was  designed  for  use  with 
liquid  propane  and  gaseous  oxygen  injected  in  coaxial  jet  configuration. 
Non-cryogenic  propellants  were  selected  to  avoid  transient  starting 
conditions  during  injector  cooling.  Operation  with  this  injector  and 
propellant  combination  was  smooth  with  no  ignition  problems. 

b.  Injection  Zone  Temperature  Measurements 

This  phase  of  the  program  consisted  of  an  experimental 
investigation  of  the  injection  region  of  the  rocket  combustion  chamber. 
The  specific  objectives  of  the  effort  were:  (1)  to  devise  methods 
for  determining  the  state  of  the  unburned  propellants  in  the  injection 
region,  (2)  to  utilize  these  methods  to  determine  the  dependence  of 
the  state  of  unburned  propellants  on  propellant  injection  variables, 
and  (3)  to  relate  the  state  of  unburned  propellant  to  combustion 
stability.. 

The  investigation  was  based  on  an  intuitive  model  of  the 
injection  region  of  a  coaxial  element.  The  gross  features  of  the  model 
are  shown  in  the  sketch  below.  Features  which  can  be  assumed  to  exist 
are  a  central  core  of  propellant  A,  and  an  annular  core  of  propellant 
B.  These  core  regions  are  composed  of  undiluted  propellant,  and  the 
boundary  of  each  can  be  defined  as  the  locus  of  points  where  dilution 
by  external  fluids  has  reached  an  arbitary  value  (e.g.  1%). 


wall 
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Another  feature  which  has  been  shown  experimentally  to  exist 
is  the  recirculation  region.  In  this  model,  the  recirculation  region 
can  be  defined  as  that  volume  within  which  the  axial  component  of  fluid 
motion  is  in  the  upstream  direction.  The  boundary  of  the  region  is  the 
locus  of  points  at  which  the  (average)  axial  velocity  is  zero. 

Finally,  there  is  assumed  to  exist  an  additional  feature 
described  as  the  flame  front.  The  flame  front  is  defined  as  the 
boundary  of  a  region  within  which  combustion  reactions  proceed  rapidly. 
The  boundary  is  characterized  by  steep  gradients  of  temperature  and 
composition.  The  locus  of  the  flame  front  is  unknown,  but  can  be 
presumed  to  depend  upon  combustion  chamber  geometry  and  propellant 
injection  characteristics. 

The  features  described  above  form  the  boundaries  of  a  region 
which  is  described  here  as  the  "precombustion  zone."  Within  this  zone, 
various  transport  processes  occur  to  form  a  combustible  mixture  of 
propellants  approaching  the  flame  front.  The  processes  of  greatest 
significance  are  heat  and  mass  transfer  between  zones  and  between 
fluids  of  different  physical  state  within  each  zone.  It  is  postulated 
that  these  processes  are  sensitive  to  external  disturbances,  such  as 
pressure  waves  or  injection  of  inert  gases.  Such  disturbances,  by 
affecting  transport  processes  in  the  precombustion  zone,  can  cause 
changes  in  the  rate  of  energy  release  in  the  propellant  flame.  It  is 
evident  that  such  changes  in  energy  release  rate  are  associated  with 
the  various  forms  of  combustion  instability  which  are  observed  in 
rocket  chambers. 

The  effort  was  directed  toward  an  investigation  of  the  pre¬ 
combustion  region.  The  objective  was  to  determine  the  characteristics 
of  the  precombustion  region  and  their  dependence  upon  propellant  and 
combustion  chamber  variables. 
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The  experimental  program  was  based  upon  test  firings  of  a 
rocket  combustion  chamber  with  geometric  characteristics  similar  to 
those  of  the  model  described  above.  The  2-inch  diameter  chamber  used 
in  previous  work  was  employed  with  injector  //4.  The  injector  provides 
a  central  fuel  orifice  with  flow  controlled  upstream  by  a  cavitating 
venturi.  Oxidizer  is  injected  through  an  annular  orifice  with  flow 
controlled  upstream  by  a  critical  orifice, 

Basic  measurements  taken  during  each  test  were  the  following: 

1.  Oxidizer  feed  pressure 

2.  Fuel  feed  pressure 

3.  Fuel  feed  temperature 

4.  Chamber  pressure 

These  measurements  provided  indications  of  propellant  flow  rates, 
combustion  efficiency,  and  stability  of  combustion. 

In  addition  to  these  basic  measurements,  temperature  probing 
of  the  precombustion  zone  was  conducted  through  the  injector  as 
indicated  in  Figure  3.  Thermocouple  probes  used  were  .040  inches  in 
diameter  with  chromel-alumel  thermoelements.  The  probe  position  was 
fixed  prior  to  each  test,  and  local  temperature  was  recorded  on  a 
high-speed  oscillograph. 

The  test  motor  was  operated  with  liquid  propane  (commercial 
grade)  and  gaseous  oxygen  at  an  oxidizer-fuel  mass  ratio  of  2.54. 

Motor  operating  pressure  was  approximately  90  psia.  Propane  was 
injected  at  32°F.  Since  the  vapor  pressure  of  propane  is  approximately 
70  psia  at  this  condition,  it  was  assumed  to  remain  as  a  liquid  during 
injection. 

Motor  tests  were  conducted  with  thermocouples  projecting  at 
various  distances  from  the  injector  face.  Test  results  revealed  that 
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high  temperature  gases  were  present  very  close  to  the  injector  face 
at  the  thermocouple  location.  It  appeared  that  an  eddy  region  may 
have  existed  downstream  of  the  separating  wall  between  the  propellant 
streams.  The  thickness  of  this  wall  was  large  in  order  to  accommodate 
the  thermocouples.  In  later  tests,  this  wall  was  tapered  as  shown  in 
the  drawing  of  injector  number  4a.  It  was  thought  that  tapering  the 
wall  would  eliminate  the  eddy  region  and  any  pi’emature  flame-piloting 
mechanism.  However,  tests  with  the  modified  injector  (//4a)  indicated 
that  high  temperature  gases  still  existed  close  to  the  injector.  The 
distance  from  the  injector  to  the  flame  front  was  found  to  be  approxi¬ 
mately  .15  inches.  Since  this  distance  is  of  the  same  order  as  the 
thermocouple  probe  diameter  (.040"),  quantitative  measurements  of 
flame  front  position  could  not  be  made  with  accuracy. 

Qualitatively,  these  tests  were  significant  in  that  they 
revealed  that  a  flame-front  could  exist  in  a  region  with  no  apparent 
recirculation  pattern  and  unaffected  by  the  recirculation  process 
taking  place  outside  the  injector  element. 

D .  Photographic  Investigations  of  Flow  Patterns 

From  the  outset  of  this  program  the  need  for  good  visual 
characterization  of  the  mixing  patterns  for  free  and  confined  coaxial 
jets  was  apparent.  Cold  and  hot  flow  tests  using  a  transparent  motor 
and  a  high  speed  camera  were  made  to  provide  better  visualization  of 
the  gross  flow  patterns  during  stable  operation.  For  the  cold  flow 
free  jet  investigation,  no  recirculation  was  apparent  and  the  air  flow 
patterns  about  the  jet  took  the  classical  form  of  induction  patterns. 
For  the  investigation  of  the  confined  jets  recirculation  was  very 
prominent.  These  situations  existed  whether  the  system  was  fed  with 
gaseous  methane  and  oxygen  or  gaseous  methane  and  liquid  oxygen. 
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These  results  for  the  gaseous  rocket,  shown  in  Figures  19  and 
20, indicated  the  recirculation  zone  extent  (3-  to  5-inches),  the 
region  of  impingement  on  the  chamber  walls,  and  the  fully  developed 
flow  field  downstream  of  the  impingement  areas,  thus  substantiating 
the  flow  patterns  estimated  from  helium  injection  at  various  positions 
along  the  chamber  length. 

The  photographic  studies  of  gaseous  fuel  centrally  injected 
and  surrounded  by  an  annulus  of  liquid  oxidant  demonstrated  several 
important  features.  For  the  case  in  which  gaseous  nitrogen  was 
substituted  for  the  methane  and  water  for  liquid  oxygen,  the  flow 
patterns  with  and  without  the  gaseous  nitrogen  injection  were 
completely  different  for  the  coaxial  system  as  shown  in  Figures  21 
and  22.  Without  the  central  stream  of  gaseous  nitrogen  the  annular 
stream  of  water  extended  downstream  a  distance  of  between  80  and  100 
jet  diameters.  Only  after  the  addition  of  gaseous  nitrogen  did  the 
annular  stream  diverge  and  break  up  into  fine  droplets,  the  size  of 
the  droplets  being  a  function  of  the  water  upstream  pressure.  When 
the  jets  were  confined  in  a  transparent  tube  the  recirculation  for  the 
water-gaseous  nitrogen  system  was  very  similar  to  that  of  both  the 
reacting  and  non-reacting  gaseous  fueled  rocket.  The  recirculation 
zone  extended  for  a  distance  of  from  3  to  5-inches  downstream  of  the 
injector  face  followed  by  a  well  developed  flow  region  to  the  exit 
nozzle. 


Liquid-nitrogen  was  then  substituted  for  the  water.  For  the 
free  jet  condition  without  central  gas  injection  the  liquid  nitrogen 
flashed  into  a  spray  as  shown  in  Figure  23,  Upon  the  addition  of 
gaseous  nitrogen  centrally,  the  liquid  stream  dispersion  was  reduced 
as  shown  in  Figure  24.  This  was  probably  the  result  of  two  effects, 
one  due  to  the  aspiration  effect  of  the  inner  stream  on  the  outside 
stream,  and  the  second  due  to  the  reduced  pressure  created  by  the 
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inner  stream  condensation  at  the  interface  of  the  two  streams.  The 
recirculation  zone  appeared  to  extend  much  further  downstream,  in  fact 
down  to  a  region  8  or  9  inches  from  the  injector  face. 

Note  should  be  made  of  the  fact  that  in  all  of  these 

experiments  the  oxidant  is  injected  in  the  annulus  and  the  fuel  into 

the  central  tube.  At  the  beginning  of  this  program  the  work  was 

planned  to  eventually  include  a  study  of  liquid  oxygen  and  liquid 

hydrogen.  All  work  up  to  that  time  (1962)  appeared  to  be  based  on  the 

hydrogen  being  fed  in  the  annulus  and  the  oxygen  in  the  central  stream. 

Since  the  diffusion  and  evaporation  rates  of  hydrogen  are  much  faster 

than  those  of  oxygen,  it  seemed  reasonable  to  feed  the  hydrogen  in 

centrally.  We  believed  this  arrangement  would  flash  and  disperse  the 

9 

oxygen  mor'e  readily  than  the  oxygen  would  the  hydrogen.  Recent  work 
corroborates  our  thinking  with  its  conclusions  that  "with  coaxial 
injection  and  all  operating  conditions  equal",  performance  is  higher 
when  the  less  volatile  propellant  is  injected  from  an  annular  area 
surrounding  the  more  volatile  propellant.  Interestingly,  however,  the 
photographic  evidence  presented  in  this  reference  demonstrates  the 
dispersion  of  the  oxygen  jet  by  the  central  stream  of  gaseous  nitrogen 
to  be  somewhere  between  that  of  our  water  and  liquid  nitrogen  results. 

This  apparent  difference  depends  to  a  large  degree  upon  the 
oxygen  upstream  pressure  and  the  injector  design.  For  example,  at  this 
laboratory  the  liquid  nitrogen  injection  pressures  were  300  psia  and 
upon  expansion  to  atmospheric  pressure  flashing  could  be  expected. 

For  the  referenced  work  oxygen  injection  pressures  were  not  reported. 
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V. 


THEORETICAL  STUDIES 


A.  Conceptual  Model 

A  conceptual  model  of  the  occurrences  within  a  rocket  chamber 
will  be  of  some  aid  in  analyzing  and  interpreting  the  experimental 
data.  This  model  must  take  into  account  both  the  mixing  and  the 
chemically  limited  processes.  A  conceptual  model  is  proposed  con¬ 
sisting  of  a  well  stirred  and  plug  flow  reactors  to  represent  the 
dynamic  and  kinetic  pressures  occurring  within  the  combustion  chamber. 
The  purpose  of  the  model  is  to  provide  a  means  of  predicting  the 
effect  of  a  recirculation  zone  vitiation  on  the  general  character  of 
the  zone  as  well  as  its  effect  on  the  overall  combustor  performance. 

Mixing  rate  is  controlled  by  purely  mechanical  and  physical 
processes 'occurring  in  the  shear  regions  between  the  mixing  fluids 
while  the  chemical  rate  is  a  function  of  the  reactant  concentration 
and  temperature.  In  mixing  limited  systems  the  chemical  rate  is 
greater  by  orders  of  magnitude.  Dominance  of  the  overall  combustion 
processes  by  the  chemical  reaction  rate  necessitates  prior  and  complete 
mixing. 

The  closest  approach  to  a  chemically  controlled  system  occurs 

in  the  well-stirred  reactor.  ^ ^  ^  ^  By  definition  it  is  a 

chamber  in  which  composition  at  the  inlet  is  changed  instantly  to  that 

of  the  outlet,  and  can  be  characterized  by  extremely  high  volumetric 

heat  release  rates.  Physically,  a  number  of  premixed  gaseous  sonic 

jets  of  fuel  and  oxidant  feed  into  a  chamber  where  fresh  reactants 

are  rapidly  mixed  with  burned  gases  by  recirculation  and  intense 

14 

turbulence.  A  simple  example  of  a  well-stirred  reactor  (taken  from 

th 

the  reference)  is  a  single  step  combustion  process  of  the  "nc  " 
reaction  order  involving  fuel  and  oxygen, 

F  +  aC^  Products  (1) 
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The  rate  of  disappearance  oi  the  fuel  is  represented  by  the  Arrhenius 
expression 


vk  vT 


-E/RT  .  n-^o< 

Ti2  F 


(2) 


By  definition,  the  temperature  within  a  well-stirred  reactor  is  a 
function  of  the  exit  composition  and  the  inlet  temperatures  and  may  be 
used  as  a  measure  of  combustion  progress  or  burnedness,  jQ  *  For  a 
simple  one  step  reaction  the  final  temperature  and  burnedness  are 
uniquely  related. 

f3  *  T-~.To . .  (3) 

T  -  T 
adia  o 

Use  of  this  relationship  and  the  equation  of  state  in  the  Arrhenius 
expression  reduced  it  to 

dNF  1  -  (j9)  (4) 

dt  pnv 

If  the  reactor  is  fed  at  the  molal  rate  G,  with  bumedness  changing 
from  an  inlet  value^  to  an  outlet  value ^  ,  the  fuel  consumption 
rate  is  given  by 

-  G  (tf-yS,)  (5) 

dC 


thus 


Hi! 3) 

0~0o 


(6) 
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Che  equation  Cor  a  well-stirred  reactor  as  illustrated  in  Figure  25. 


It  can  be  shown  that  because  of  the  dilution  effects  of  burned 

gases  on  the  reaction  process,  two  well-stirred  reactors  require  less 

total  volume  than  one  reactor  to  accomplish  the  same  reaction.  Therefore, 

14 

the  plug-flow  reactor  concept  was  developed,  and  by  definition  is  an 
infinite  series  of  infinitesimal  weil-stirred  reactors.  Its  equation 
then  is  the  integral  of 


d  /3 

i. 9 

(  J  ( ^(3) 

i  %  (fl 


where 


V,  (fi) 

/3 


(7) 


(8) 


(9) 


The  plug-flow  reactor  equation  is  illustrated  in  Figure  26. 

Only  with  great  difficulty  has  the  phenomenon  of  recirculation 

found  its  way  into  analytical  expressions  describing  combustion 

15 

processes.  Spalding  introduced  recirculation  as  an  additional 
parameter  to  the  conceptual  models  of  combustion  systems.  Bonnell^ 
did  an  extensive  study  of  the  effect  of  recirculation  on  the  output, 
and  volumetric  requirements  for  well-stirred  reactor  systems.  His 
method  of  attack  will  be  used  here  to  gain  more  insight  regarding 
combustion  in  rocket  motors. 
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The  approach  cowards  a  well-stirred  reactor  and  plug-flow 
reactor  by  a  rocket  combustor  is  influenced  by  the  portion  of  the 
chamber  devoted  to  recirculation,  and  the  level  of  turbulence  in  the 
chamber.  Clearly,  if  only  a  small  portion  of  the  chamber  is  devoted 
to  gross  recirculation  the  combustion  rate  can  be  kinetically 
controlled  only  through  extreme  turbulence  within  the  chamber.  Even 
though  orders  of  magnitude  difference  exist  between  the  reported 
reaction  rates  in  the  well-stirred  reactor  and  those  of  the  rocket 
combustor,  we  believe  the  assumption  that  the  well-stirred  reactor  can 
serve  as  a  useful  analog  is  well  justified. 

B.  Application  of  Well-Stirred  Reactor  Theory  to  a  Rocket  Combustor 

A  rocket  chamber  can  be  divided  into  several  zones  which  can  be 
best  visualized  by  the  Bonnell  schematic  analog  shown  in  Figure  27. 
This  model  is  fed  unpremixed  gaseous  fuel  and  oxidant  at  a  molal  rate, 
G.  The  following  sequence  of  events  occurs: 

1  -  Fresh  feed,  G  ,  at/3  *  0  enters  the  mixing  or  shear  layer, 
which  is  considered  a  well-stirred  reactor,  and  mixes  Instantly  with 
recycled  burned  gases  Gfl  (1  +  R) ,  atfl  = /Q 


2  -  This  mixture  burns  from^J  =  @o  in  V^. 

Burnedness  e.  -e  2  (R/l  +  R)  by  an  energy-mass  balance. 

3  -  The  products  are  discharged  from  in  two  directions: 

a  -  A  quantity  G^  .  R  is  recirculated  to  ,  a  well-stirred 
reactor  where  it  is  further  burned  and  recirculated  to  mix  with 
incoming  fresh  feed  to  V^. 
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b  -  A  quantity  Gg  at 0 mixes  instantly  with  the  unburned 
{0  -  0)  mixture  in  the  region  (V^  +  V^) ,  and  then  enters  a 


well-stirred  reactor  V^. 


4  -  The  mixture  reacts  to  a  0  which  will  support  a  plug-flow 
reactor  V, . 


5  -  The  mixture  is  then  discharged  to  V^,  burned  to  exhaust 
burnedness,  and  exhausted. 


The  volume  represents  for  the  practical  case  the  initial  zone  or 
propagation  just  downstream  of  the  pilot  zone.  This  volume  represents 
the  flame-filled  tube  observed  in  practical  rockets. 


These  events  may  be  described  in  terms  of  the  well-stirred  and 
plug-flow  curves  as  in  Figure  28.  Step  one  is  a  simple  mixing 
process  of  two  different  temperature  gas  streams.  No  reaction  is 
assumed  to  take  place  during  mixing  since  the  process  is  instantaneous. 
The  reaction  takes  place  changing  the  mixture  from  0 o  to  0 as 
shown.  This  is  a  well-stirred  reactor  and  A  (VP  /G)  represents  the 
volume  necessary  for  the  combustion  process  at  a  constant  pressure 
and  molal  feed  rate.  If  the  reactants  should  start  at  zero  burnedness, 
then  the  reaction  must  proceed  from  the  origin.  The  slope  of  the  line 
from  the  origin  represents  the  reaction  rate,  / A  (VPn/G) .  The 

mixture  could  be  dumped  into  a  plug-flow  reactor  (a  system  of 
infinitesimally  small  isolated  well-stirred  reactors)  or  continue  the 
burning  process  in  another  well-stirred  reactor  V^.  In  Bonnell's  work 
the  recirculation  volume  is  treated  as  a  well-stirred  reactor.  If 
recirculation  is  pertinent  to  the  total  combustion  process,  this  is  a 
good  assumption  from  the  standpoint  of  blowout  theory,  that  as  residence 
time  approaches  chemical  time  as  a  limit,  blowout  occurs.  The  volume 


31 


Arthur  2I.Kittlr,2lnr. 


V2  is  Chen  a  well-stirred  reactor  receiving  mixture  and 

recirculating  a  02  mixture.  The  volume  required  for  this  can  be 

found  from  the  loading  group  corresponding  to  this  process 

V„Pn/G  R  where  R  is  the  ratio  of  mixture  recirculated  to  the  mixture 
2  a 

fed.  It  should  be  noted  that  this  recirculation  allows  a  much 
smaller  volume  to  be  used  to  accomplish  the  same  burnedness  that  can 
be  managed  by  a  single  well-stirred  reactor  (shown  as  Pn/G). 

Part  of  the  material  from  is  mixed  with  the  fresh  material 
flowing  outside  the  shear  region.  This  mixing  process  is  similar  to 
that  at  the  entrance  to  V^,  and  the  resulting  burnedness  is  called 

0  02* 

This  mixture  must  go  into  a  well-stirred  reactor  because  a  plug- 
flow  reactor  is,  by  definition,  fed  by  a  well-stirred  reactor  and  the 
plug-flow  minimum  operating  efficiency  is^^  which  occurs  at  blow¬ 
out  of  a  well-stirred  reactor.  So  we  burn  in  from  0  02  to  0  3" 

The  mixture  is  then  fed  to  volume  V^.  This  may  be  either  a  well-stirred 
reactor  or  plug-flow  reactor.  The  plug-flow  reactor  is  chosen  because 
appears  to  be  more  nearly  a  volume  of  discrete  infinitesimal  well- 
stirred  reactors  than  a  single  well-stirred  reactor. 

The  above  exercise  indicates  that  the  possibility  exists  of 
predicting  the  effect  of  vitiation  of  the  recirculation  zone  on  the 
general  character  of  the  zone,  as  well  as  its  effect  on  the  overall 
combustor  performance. 

C.  Jet-Diffusion  Model 


Experimental  results  indicate  that  the  burning  rate  of  a  confined 
coaxial  jet  is  controlled  by  diffusion  of  the  reactive  species  to  a 
time  averaged  flame  front  and  that  recirculation  may  be  characterized 
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by  a  well-stirred  reactor.  The  well-stirred  plug-flow  reactor  theory, 
however,  does  not  seem  to  suitably  describe  the  processes  occurring 
within  the  experimental  system  of  this  work.  Therefore  consideration 
has  been  given  to  a  diffusion  model  of  the  confined  coaxial  jet  rocket 
in  belief  that  the  combustion  instability  studies  could  be  considerably 
aided  by  a  detailed  knowledge  of  the  diffusion  processes  which  occur  in 
the  immediate  vicinity  of  the  injector  face.  It  is  here  that 
perturbations  are  likely  to  most  effectively  excite  instabilities. 


To  outline  the  problem  involved  in  such  an  analysis  consider 
the  simplest  case  of  a  single  free  jet.  Furthermore  let  the  jet  fluid 
and  the  ambient  fluid  be  of  the  same  composition  and  at  essentially  the 
same  temperature  and  pressure.  Under  such  conditions  experiments 
demonstrate  the  qualitative  behavior  as  follows.  At  a  position  close 
to  the  injector  face,  a  potential  core  exists  and  the  jet  velocity 
profile  is  very  flat  and  cuts  off  sharply  at  the  edges  of  the  jet.  As 
the  fluid  proceeds  in  an  axial  direction  the  jet  spreads  and  the 
velocity  decays  because  of  the  entrainment  of  the  surrounding  fluid  and 
radial  diffusion. 

At  a  position  far  downstream  of  the  injector  face,  axial  stresses 
are  negligible  compared  to  the  transverse  stresses  and  the  turbulent 
exchange  as  occurs  by  the  diffusion  process  may  be  empirically  modeled.. 
The  equation  of  motion  then  becomes : 


where: 

is  downstream  distance 
y  is  transverse  distance 
U  is  axial  velocity 
/V*  is  transverse  velocity 
p  is  pressure 
£  is  eddy  viscosity 
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This  equation  is  sufficient  for  axi-symmetric  jets.  For  the  case  we 
are  discussing,  the  change  of  pressure  with  axial  distance  equals  zero. 
Experimental  evidence  concerning  the  behavior  of  eddy  viscosity  may  be 
combined  with  this  equation  to  yield  a  quite  general  relationship  of 
the  behavior  of  a  single  free  jet.  A  similar  analysis  of  a  single 
ducted  jet  or  confined  jet  has  just  recently  been  successfully  carried 
out. 


Returning  to  the  single  free  jet,  consider  the  shear  region  which 
surrounds  the  potential  core.  Here  the  analysis  is  very  complex  . 
Strictly  speaking  the  effect  of  axial  stresses  is  not  negligible  and 
the  behavior  of  the  eddy  viscosity  is  more  complex.  Ignoring  these 
difficulties  however,  the  problem  is  still  almost  hopeless  because  the 
boundary  conditions  are  complicated  and  extremely  important.  For 
example,  the  shape  of  the  velocity  profile  within  the  injector  and  the 
shape  of  the  velocity  profile  associated  with  the  induced  flow  over  the 
injector  face  must  be  specified. 

A  satisfactory  solution  is  not  readily  apparent  for  either  the 
single  free  jet  or  the  single  confined  jet.  If  one  considers  the 
confined  coaxial  jet,  the  boundary  conditions  for  the  near  field  profiles 
are  even  more  complicated  and  a  solution  seems  quite  unlikely.  The 
velocity  and  concentration  profiles  are  closely  coupled  and  a  total 
solution  is  not  possible  without  both  because  the  diffusion  process 
cannot  be  uncoupled  from  the  momentum  transfer  process.  Any  solutions 
which  might  be  obtained  will  almost  certainly  be  numerical  rather 
than  analytical  and  will  probably  not  convey  a  clear  physical  concept 
of  the  processes  occurring  without  extremely  good  experimental  informa¬ 
tion. 
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